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Abstract

tors to formulate conservation strategies in the future.

Historical records indicate that Xianyang Ancient Ferry Site, dating back over three millennia to the late Shang
Dynasty, has been an important transportation hub in ancient times. The use of combined wooden stakes and stones
is a special method for flood control among ancient flood prevention techniques. This research aims to evaluate

the current preservation condition of these ancient wooden stakes. The dating of the wooden stakes at the site
ranges between 940+ 30 BP and 320+ 30 BP. The fiber cross-section and microstructure images of the wooden
samples indicate that the wood is attributed to Platycladus orientalis. SEM images indicate decay and deterioration

of the wooden samples, with the presence of mold spores within the cavities. XRD, FTIR, and TG/DSC spectra of his-
torical wooden samples collected from the site and fresh Platycladus orientalis wood samples demonstrate a signifi-
cant decrease of cellulose crystallinity in the historical samples, leading to severe deterioration of the wood at the site.
Five dominant mold species were identified, i.e., Aspergillus niger, Aspergillus flavus, Penicillium citrinum, Trichoderma,
and Phanerochaete chrysosporium, which accelerate the degradation of cellulose and other polysaccharides. This
research provides scientific evidence for the selection of reinforcement materials and guides curators and conserva-
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Introduction

The Xianyang Ancient Ferry Site, located adjacent to
Xianyang Lake in Xianyang City, Shaanxi Province in
China (Fig. 1A, B), was discovered in 2002 by Xianyang
archaeologists when cleaning a river channel. This dis-
covery unveiled a segment of an old river dike, marking
the location of the Xianyang Ancient Ferry Site [1, 2].
The unearthing of the site holds immense significance for
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the study of ancient transportation, commerce, military
strategy, literature, and urban evolution, garnering wide-
spread attention from various societal sectors. The Xian-
yang Ancient Ferry Site Museum (Fig. 1C), established
on the foundation of the Ming and Qing dynasty ferry
site (1371AD ~1908 AD), was officially designated as a
cultural heritage conservation unit of the Shaanxi prov-
ince on October 9, 2008 [2].

The Xianyang Ancient Ferry, situated at the Wei
River crossing in Xianyang, traverses the central part
of Shaanxi Province. Historically, individuals traveling
north and south near Xianyang and Changan consist-
ently utilized this ferry crossing to traverse the Wei River.
Due to the river’s seasonal fluctuations in water level,
both pontoon bridges and boats have been traditionally
employed; in the winter and spring, pontoon bridges are
predominantly used, in the summer and autumn, peo-
ple tend to use ferry boats [3]. Historically, the Xianyang
Ancient Ferry has evolved from the Qin Dynasty (211
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Fig. 1 A, BThe location map of the Xianyang Ancient Ferry Site; C The Xianyang Ancient Ferry Site Museum; D The display area of the wooden pile

in the museum; E The wooden piles of the site

BC) to the Qing Dynasties (1912 AD), transforming over
more than 3000 years, during which it also served as a
strategic point on the ancient Silk Road. Excavations at
the site have unearthed plenty of artifacts, such as coins,
ceramics, jades, iron rings used for mooring boats, and
remnants of river embankments from the Ming and
Qing Dynasties (1368—-1912 AD). These artifacts provide
important material evidence for studying the economic,
cultural, and military aspects of the period. Also, several
Buddhist statues found at this site demonstrate the Bud-
dhist cultural exchanges with the Western Regions[4].

At the Xianyang Ancient Ferry Site, the discovered
wooden piles serve as a foundation to control floods
(Fig. 1D, E), which were found to be buried beneath the
stones, serving as a foundation (Fig. 2). These wooden
piles, inclined southward in alignment with the tilt of
the stones, were spaced 6-26 cm apart and had diam-
eters ranging from 10 to 20 cm. These wooden piles are
considered as precious heritage objects, significantly
contributing to the in-depth study and enrichment of
the historical development of China’s flood control and
hydraulic engineering. The projects for controlling floods
mark a vital phase in human civilization, with the inter-
action between humans and rivers playing an essential
role in pre-modern societies. Under proper management,
rivers can serve as an important source of water supply,
navigation, and agricultural irrigation; on the contrary,
floods can be induced under poor management, where

historical records have shown that floods are one of the
most destructive natural disasters [5].

Humans have accumulated an increasing wealth of
knowledge in river management and flood control for
thousands of years, with the construction of embank-
ments being an effective measure [6, 7]. In the past,
stone embankments were commonly built to control
floods, e.g., a 12-km-long stone embankment was con-
structed along the upper and lower reaches of the Yong-
ding River to withstand floods from the Yuan to the Qing
dynasty (1271-1912AD) [8]. Fascines were employed as
protective structures against floodwaters and to rein-
force embankments, made from reeds, bamboo, willow
branches, mud, and gravel, which were bound into cylin-
drical shapes, with subsequent layers pressed onto the
outer surface of the first, forming a structural barrier [9,
10]. These structures mitigated damages caused by the
rushing water, protecting riverbanks by reducing slope
steepness and establishing physical barriers against sur-
face runoff. In 1730, Forest de Bélidor also recommended
fascines as an alternative stone paving to mitigate dam-
ages at the bottom of water gates [10]. Similarly, fascines
were widely used in ancient Chinese water projects,
applied to numerous rivers such as the Yangtze, Yellow,
and Huai Rivers, as well as in sea dyke and dock projects
[11, 12]. Particularly in the flood control management of
the Yellow River basin, fascines played a crucial role in
embankment reinforcement and breach closure [13].
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Fig. 2 Diagram of the excavation site of the Ming and Qing Dynasty River dikes at the Xianyang Ancient Ferry Site

Overall, the combination of wooden stakes with stone
blocks effectively addressed the issue of stone dikes built
on riverbanks being frequently washed away due to the
lack of a solid foundation. This technological advance-
ment represented a bold innovation in the history of dike
construction at the time, reflecting the ingenuity and
wisdom of our ancestors. As recorded in historical docu-
ments named Xiangyang Zhi, this method has allowed
the Qing Dynasty (1745 AD) stone dike to be preserved
for nearly 200 years, which remains intact at over 70 m.
This evolution demonstrates a historical transition in
engineering quality from rudimentary to sophisticated,
and from lenient to stringent standards, indicating a sig-
nificant enhancement in technical expertise. Also, this
example provides valuable insights for contemporary
river dike construction in terms of technical and quality
management. The analysis of the wooden piles collected
from the site could enrich our knowledge of ancient
technology of flood control. Currently, this collection of
wooden artifacts is housed in the exhibition hall of the
Xianyang Ancient Ferry Site Museum. No further res-
toration treatments were performed since the wooden
objects were excavated in 2002. Also, due to the lack of
management of environmental temperature and relative
humidity, the wooden objects are in poor condition.

Understanding the detailed chemical structure, cel-
lulose crystal structure, and cell wall porosity of water-
logged wooden artifacts is essential for their protection

and reinforcement. Such studies provide essential data
support and guide for dehydration and strengthening
treatments. The 196th meeting of the American Chemi-
cal Society in 1988, themed "Archaeological Wood:
Properties, Chemistry, and Preservation," marked the
first systematic and comprehensive summary of the
structure and performance of archaeological wood [14].
Subsequently, the use of a series of techniques, such as
field emission transmission electron microscopy, two-
dimensional solid-state nuclear magnetic resonance,
Raman imaging technology, dynamic vapor sorption
analysis [15], and dynamic mechanical analysis [16], has
been reported. In particular, theoretical research in areas
such as anatomical structure [17], cell wall components
and chemical structures [18, 19], cellulose crystal struc-
tures [20, 21], porosity structures [22], and mechanical
properties [23] has been gradually studied. A variety of
spectroscopic analysis techniques—including Fourier-
transform infrared spectroscopy (FTIR), near-infrared
spectroscopy (NIR), Raman spectroscopy, and nuclear
magnetic resonance (NMR)—along with thermochemi-
cal methods such as thermogravimetric analysis (TGA),
pyrolysis mass spectrometry (Py-MS), and pyrolysis
gas chromatography-mass spectrometry (Py-GC/MS),
have been increasingly applied to the study of chemical
structure changes in archaeological wood [15, 24-28].
The maturation of infrared imaging and Raman imaging
technologies has enabled more effective analysis of the
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chemical structure of archaeological wood [15, 29], mak-
ing these techniques viable alternatives for studying the
chemical structures of wood cell walls. Currently, crys-
tal structure research employs techniques such as X-ray
diffraction (XRD) and wide/small-angle X-ray scattering
(WAXS/SAXS). XRD, an accessible and straightforward
method using wood powder, can determine information
such as cellulose crystal peak types, relative crystallinity,
and crystal sizes [30, 31].

In this study, we aim to identify and analyze the wood
species used in the piles and assess their degree of dete-
rioration, in order to guide future conservation treat-
ments. Given the variety of wood materials used in the
past and the aging conditions of wooden materials [32],
identification of the species of ancient wooden materi-
als can be challenging [33]. Microscopic observation of
wood morphological characteristics using stereomicro-
scopes, optical microscopes, and electron microscopes is
a critical part of the identification and classification pro-
cess [34—39]. The application of light and scanning elec-
tron microscopy (SEM) in heritage research is commonly
used, particularly in the study of degraded wooden struc-
tures in archaeological wood, as it provides characteris-
tic information related to the deterioration conditions
of wooden materials [37, 40—-43]. In order to keep the
wooden objects intact as much as possible, techniques
requiring small amount of samples were used, such as
the determination of the crystallinity of cellulose using
X-ray diffraction (XRD), an important indicator of wood
degradation, and the use of Fourier transform infrared
microscopy (FTIR) to study the changes in wood chemi-
cal compounds.

We therefore selected a small test area from the Xian-
yang Ancient Ferry Site to assess the preservation con-
dition of the piles. In addition, radiocarbon dating (**C),
fiber observation, thermogravimetric analysis (TGA),
and scanning electron microscopy (SEM) coupled with
energy-dispersive X-ray spectroscopy, were also used to
assess the wood sample of the Xianyang Ancient Ferry
Site. Additionally, we isolated and identified the domi-
nant microbial communities on the wood surface. This
research provides important scientific information on
the ancient wooden piles prior selection of flood control
techniques used during the Ming and Qing dynasties in
China.

Materials and methods

Samples of wooden stakes

Considering a large number of wooden piles, samples
were taken from four piles within a limited test area
(Fig. 3C), in compliance with the requirements of the
Cultural Heritage Conservation Department of the Xian-
yang Ancient Ferry Site. Samples were collected from

Page 4 of 15

the cracked and detached parts of the piles. The sizes of
the samples varied, with the largest being approximately
5cmx1 cmX1 cm, to assess the degree of deterioration
of the wooden material.

Radiocarbon dating

According to the conditions of the test center, four 15
mg wooden samples were weighed and used for dating
testing. The radiocarbon dating in this study was con-
ducted at Beta Analytic Radiocarbon Dating Laboratory
(Miami, USA), employing four internal NEC Accelera-
tor Mass Spectrometers and four Thermo Isotope Ratio
Mass Spectrometers (IRMS). The conventional radio-
carbon ages were calculated using the Libby half-life
(5568 years), corrected for isotopic fractionation, and
rounded to the nearest decade. Results are reported as
radiocarbon years before present (BP), with "present”
defined as AD 1950. Sample pretreatment and radiocar-
bon dating followed the method described in the study of
Francisco Martinez-Sevilla et al. [44].

Sample morphology preparation

Only one of the four samples adheres to specifications
of sample size for cross-sectional morphology observa-
tion. Therefore, 1 cmX1 cmX1 cm wooden sample was
embedded in epoxy resin. Cross-sections of the dried
resin were prepared using an ultramicrotome (EM UC7,
Leica, Germany). The resins were then mounted on slides
and the microstructure of the samples was observed
using an optical microscope (XWYVI, Zhuhai Walron
Paper Technology Co., Ltd., China).

SEM and EDX analysis

The same sample used for the observation of wood cross-
sections was used for microscopic observation for subse-
quent data comparison. The samples were cut into thin
slices (1-2 pum) and pasted to the sample stage using the
conductive adhesive. Subsequently, the surface of the
samples was sprayed with gold to enhance conductivity.
The microstructure was observed and energy spectrum
analysis of the samples was conducted using a scanning
electron microscope coupled with energy-dispersive
X-ray spectroscopy (SEM-EDX, SU3500, Hitachi, Japan).
Acceleration voltage is set to 10 kv, beam spot strength is
30, working distance is 8.8 mm.

X-ray diffraction analysis

The crystallinity of the wooden samples collected from
the site was compared with that of fresh Platycladus
orientalis wood samples (inside of the wood) using a
high-resolution X-ray diffractometer (XRD, Smart Lab
9, Rigaku Corporation, Japan), where 1 g of sample pow-
der was used. The test conditions were set for Cu Ka
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Fig. 3 A Current preservation condition of the Xianyang Ancient Ferry Site; B The wood sample; C the Xianyang Ancient Ferry Site test area (the
yellow circle is typical)

radiation (\=1.54056 A), with a 20 range of 20°-80°, an
acceleration voltage of 45 kV, a tube current of 200 mA,
and a scanning speed of 5°/min. All four wooden pile
samples were used for XRD analysis, where three spec-
tra were collected for each sample and the average was
used. Given that all samples present similar data patterns,
the XRD spectrum of the sample with a greater degree of
degradation was presented in this study.

As supported by the crystallinity index calculated using
the Segal method [45]:

_ dooa — Iam

Crl = x 100

002

In the above equation, CrI is the relative crystallinity
index, Iy, is the maximum intensity of the diffraction
surface, and I, represents the intensity of the non-crys-
talline background diffraction when the 26 angle is close
to 18°.
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Infrared absorption spectroscopy

2 mg of powder of the wooden samples collected from
the site and fresh Platycladus orientalis wood samples
were used to prepare KBr pellets, which were then used
to collect FTIR spectra using the Fourier transform
infrared spectrometer (Nicolet iS10, Thermo Fisher
Scientific, USA). The spectral range was set between
4000 and 400 cm™!, with the resolution of 4 cm™, and
both sample and background were scanned 64 times.
The molecular structures of the samples were identified
through the characteristic peaks of various functional
groups in the spectra. All four wooden pile samples
were used for FTIR analysis, where three spectra were
collected for each sample and the average was used.
Due to that all samples present similar data patterns,
the FTIR spectrum of the sample with a higher degree
of degradation was presented in this study.
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Thermogravimetric analysis

15 mg sample from the site and fresh Platycladus ori-
entalis wood samples were used for thermogravimetric
analysis (Themys One, Setaram, France) to obtain the
thermogravimetric curve of the wooden samples col-
lected from the site, in order to assess its preservation
state. During the test, nitrogen was used as the protective
gas. The temperature range was set from 30 to 800 °C,
with a heating rate at 10 °C/min. All four wooden pile
samples were used for the thermogravimetric analysis,
where three spectra were collected for each sample and
the average was used. The thermogravimetric spectrum
of the sample with a higher degree of degradation was
presented in this study.

Microbial culturing of wooden samples and identification

The dominant microbial species in the wood of the
Xianyang Ancient Ferry Site can be identified by analyz-
ing the microorganisms in the test area. Immerse a cot-
ton swab in a modest quantity of mold present on the
wooden surface, promptly transfer the swab into a cen-
trifuge tube containing normal saline, seal the tube with
a film, and label it. All aforementioned instruments are
sterilized prior to utilization. Samples collected from
the site were cultured on Potato Dextrose Agar (PDA)
medium for 48 h (Ouwo Biotechnology Co., Ltd.), and
after microbial growth, individual colonies were isolated
using an inoculation loop and transferred to PDA plates.
This step was repeated until the culture dish contained
only one type of microorganism. All the above proce-
dures were conducted in a laminar flow cabinet. The
purified microorganisms were sent to Shanghai Pasno
Biotechnology Co., Ltd. (Shanghai, China) for species
identification. 5X5 mm section was excised from a puri-
fied target bacterial colony and carefully extracted. This
section was then cut into slices (thickness in 2 mm) on a
glass slide and immersed in a 2.5% (v/v) glutaraldehyde

Page 6 of 15

solution. The samples were subsequently fixed overnight
at 4 °C in a refrigerator for 12 h. After fixation, the sam-
ples were removed using tweezers and rinsed with ster-
ile water every 30 min, with the process repeated three
times. Dehydration of the rinsed samples was carried out
using ethanol solutions of 30%, 50%, 70%, and 95% con-
centration, with each gradient treatment for 20 min. Fol-
lowing these dehydration steps, the samples were further
dehydrated with anhydrous ethanol for 30 min. The com-
pletely dehydrated samples were then placed in an ultra-
low temperature freezer at —80 °C overnight, removed,
and dried using a vacuum freeze dryer. Gold sputtering
was performed using an ion sputter (120 s, 20 mA) before
the structural and morphological changes of the bacterial
strains were observed using a scanning electron micro-
scope (SU3500, Hitachi company, Japan).

Results and discussion

Structure of the wooden stakes-stones structure for flood
control

The radiocarbon dating results yielded ages of approxi-
mately 1028-1172 AD, 1296-1400 AD, 1423-1500 AD,
and 1540-1634 AD. It is worth noting that these *C dat-
ing results represent the growth age of the samples, rather
than the construction age (Table 1). The discrepancy
observed between the radiocarbon dates of the first sam-
ple and the remaining three samples may be attributed
to one primary factors. The wooden stakes have been
immersed in water for a long time, and the radiocarbon
dating of objects originating from aquatic environments
inevitably reflects the effect of this setting. The SEM-
EDX analysis results (Figs. 5, 6) show that calcium-related
compounds have also penetrated the intercellular spaces
and cavities of the wood cells. Secondly, the effect of con-
taminants on the dating of wood or charcoal depends
on the nature and degree of contamination and the age
difference between the sample and the contaminants. If

Table 1 '“C dating results of the wooden samples collected from the Xianyang Ancient Ferry Site

No Laboratory number 14C dating Calibration age
10 (68.2%) 20 (95.4%)

1 Beta—680,201 940+30 BP 1113-1156 AD (32.3%) 1028-1172 AD (95.4%)
1075-1107 AD (24.2%)
1040-1052 AD (8.7%)
1064-1068 AD (3%)

2 Beta—680,196 620+30 BP 1302-1328 AD (29.3%) 1296-1400 AD (95.4%)
1348-1368 AD (21.1%)
1378-1395 AD (17.8%)

3 Beta—680,200 430+30BP 1436-1473 AD (68.2%) 1423-1500 AD (91.4%)

1600-1616 AD (4%)

4 Beta—680,197 360+30BP 1472-1522 AD (35.7%) 1540-1634 AD (49.9%)

1577-1624 AD (32.5%) 1456-1529 AD (45.4%)
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limestone is not adequately removed before AMS dating,
the results may appear much older than the actual age
of the wood or charcoal due to the geological origin of
the limestone. Humic and fulvic acids, which adhere to
the surfaces of wood and charcoal, can engage in carbon
exchange during adsorption. This interaction can cause
deviations in the dating results, making the samples
appear either older or younger depending on the age of
the organisms producing these organic acids. Addition-
ally, the intrusion of roots can introduce modern car-
bon into the sample. Generally, ancient contaminants of
unknown age tend to make the wood or charcoal samples
appear significantly older, whereas modern carbon can
make the samples appear much younger.

Microscope slice observations and SEM-EDX analysis

The current preservation condition of the wooden piles
from the Xianyang Ancient Ferry Site is largely affected
by severe biological deterioration. Figure 4 shows the
microscopic structure of the wooden piles from the Xian-
yang Ancient Ferry Site on thecross section (A), radial
section (B)tangential section (C). The wooden artifact
samples exhibit the following anatomical characteristics:
absence of vessels; coniferous wood; visible, relatively
wide growth rings with a gradual transition from early-
wood to latewood. In earlywood, tracheid cross-sections
are square and polygonal with a single row of bordered
pits on the radial walls, which are round or oval, and the
pit apertures are circular. In latewood, tracheid cross-
sections are rectangular, elliptical, and polygonal with a
single row of circular bordered pits on the radial walls;
the final rows of tracheids have notably thicker walls. The
amount of axial parenchyma is minimal, dispersed in a
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stellate pattern. Wood rays are uniseriate, ranging from 1
to over 20 cells in height, typically between 3 and 12 cells;
ray cells are exclusively composed of ray parenchyma
cells, which are elliptical and often contain resin. No ray
tracheids are observed; ray cell horizontal walls are thick,
typically without pits, and end walls are often not sep-
tate and lack thickening. The cross-field pitting pattern
between ray parenchyma cells and earlywood axial trac-
heids is of the Cupressus type, usually with 2 to 3 pits.
Therefore, the wood sample has been identified as Plat-
ycladus orientalis from the family Cupressaceae, genus
Platycladus [46, 47]. Platycladus orientalis is known for
its strong resistance to decay and good durability, which
is in line with historical records of its use at the ancient
ferry site.

The surface of the wood samples is dark yellowish
brown, with some parts being charcoal black, and con-
taining small amounts of gravel (Fig. 3B). The wooden
samples are quite brittle and have lost mechanical
properties, demonstrating significant degradation of
the wooden stakes. As shown in Fig. 5, SEM images of
the wood samples reveal microbial decay and biologi-
cal deterioration. Based on the findings in the literature,
the presence of the phenomenon depicted in Fig. 5 sug-
gests that the wood has undergone biodegradation [48].
The cross-sections of the wood show severe blockage
in the cell lumen, The observation was made that mold
(Fig. 5B, D) used with the wall of the cell cavity(Fig. 5A,
C), with the presence of mold spores and gravel observ-
able within these lumen (Fig. 5B, D). The tracheid cell
walls exhibit a distinct small lumen (arrow 2 area in
Fig. 5D), where weakened cells appear distorted, and
some have collapsed. This indicates that the wood at the

Fig. 4 Microstructure of the longitudinal section of the historical wooden samples collected from the X|anyang Ancient Ferry Site (A cross section,

B radial section, C tangential section)



Teri et al. Heritage Science (2024) 12:213

L e e o o

100wnI

SU3500 10.0kV 11.7mm x1.30k SE 11/18/2023 " 40.0pm '

Page 8 of 15

-
SE 11/18/2023

SU3500 10.0kV 11.0mm x2.10k SE 11/18/2023

20.0pm

Fig. 5 SEM images of the historical wooden samples collected from the Xianyang Ancient Ferry Site. C, D illustrate a local enlargement of (A, B),
respectively; C: Fungal hyphens (arrows) along the tracheids wall.1: Fungal hypha; 2: Cell wall atrophy and deformation; 3: Fungal spores in a cell

cavity)

site has undergone significant decay, where microbial
corrosion accelerates the degradation process in a humid
environment.

Figure 6 presents the mapping image of the historical
wooden samples, predominantly composed of carbon
(C) and oxygen (O), with their respective concentrations
being 21% and 22%. Additionally, other detected elements
such as Na, Mg, Al, Si, S, and Ca can be attributed to the
wood material and the long-term burial environment,
during which elements from the surrounding soil, spe-
cifically Ca, Na, Mg, Al, Si, and S, penetrated the inter-
stitial spaces and cavities of the wood cells. The inorganic
content in wood is less than 1%. It comprises various pro-
portions of silicon, aluminum, iron, calcium, magnesium,
sodium, potassium, titanium, manganese, and heavy
metals. Zajac et al. [49] classified these into three catego-
ries, i.e., macronutrients including Ca, K, P, and S; micro-
nutrients such as Mn, Fe, Cu, and Zn; and toxic elements
including As, Cr, Ni, and Pb. Wood contains a range of
trace elements that play significant roles in processes
related to tissue growth [50]. Studies indicate that the

mineral content in wood from archaeological sites is sig-
nificantly higher than that of fresh wood [51]. Besides the
elements accumulated during the growth of the tree and
its usage, wood also incorporates elements from water
and soil where it was preserved. In severely degraded
wood tissues, the inorganic content can even exceed 10%
of the wood’s dry mass [52]. This suggests that as the
content of these elements increases, the quality and con-
tent of cellulose in archaeological wood decreases. In the
Xianyang ancient ferry site samples, the content of S, Ca,
Si, Al, Mg, and Na elements exceeded 1%, with S, Ca, and
Si contents exceeding 10%—these are recognized exam-
ples of elements that accelerate wood degradation (ele-
ment content in contemporary and archaeological wood)
such as copper and its selected compounds [51-54].

X-ray diffraction analysis

As shown in Fig. 7, the XRD spectra were obtained to
assess the crystallinity of both fresh Platycladus orienta-
lis wood and historical samples collected from the Xian-
yang Ancient Ferry Site. Cellulose in wood is a biphasic
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Fig. 6 EDX mapping of the historical wooden sample collected from the Xianyang Ancient Ferry Site
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Fig. 7 XRD spectra of historic wooden sample collected from the site
and fresh Platycladus orientalis wood sample

system composed of crystalline and amorphous regions.
In the crystalline regions of cellulose, the molecular
chains are oriented and orderly arranged, interconnected
laterally through hydrogen bonds formed by hydroxyl
groups, thus constituting a crystalline lattice [55]. The
crystalline regions of cellulose exhibit better physical
properties than those of the amorphous regions, such
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as tensile strength, density, hardness, and dimensional
stability [56, 57]. The diffraction peaks near 26 =22° and
34° correspond to the (002) and (040) crystalline plane of
wood cellulose respectively, and the peak near 20=18°
indicates the amorphous region [58]. As shown in Fig. 7,
the diffraction intensity curve of the historical wooden
samples is similar to that of the fresh wood, however, the
absence of the peak at 20=34° and decreasing intensity
of other peaks indicate severe degradation of the wooden
components at the site, leading to a decrease in cellulose
crystallinity, as supported by the crystallinity calculated
using the Segal method [45]. Based on this equation, the
relative crystallinity index of fresh Platycladus orienta-
lis and the historical wood samples from the Xianyang
Ancient Ferry Site is 34.4% and 6.18% respectively. The
significant decrease in the relative crystallinity index sug-
gests that the cellulose crystalline index regions in the
wooden samples from the site have undergone severe
deterioration during long period of underground bur-
ial, which further leads to the decrease in mechanical
strength and the hydrophobicity of the wooden parts at
the site [59].

Infrared spectroscopy analysis
FTIR spectra of the historical wooden samples collected
from the site and fresh Platycladus orientalis wood are
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Fig. 8 FTIR spectra of historic wooden samples collected
from the site and fresh Platycladus orientalis wood samples

shown in Fig. 8. The fresh Platycladus orientalis sample
has a characteristic absorption peak at 1730 cm ™!, which
is attributed to the C=0 (acetyl) groups in xylan (hemi-
cellulose) [60]. Also, this peak vanished from the FTIR
spectrum of the historic wooden sample. The peaks at
1370, 1155, and 1105 cm™! were attributed to C—H defor-
mation stretching vibration, C—O—-C stretching vibration,
and OH stretching association of cellulose respectively
[61]. These peaks, together with the C—H bending vibra-
tion of cellulose at 897 cm™!, vanished from the FTIR
spectrum of the historical sample. This indicates historic
wooden samples had a low concentration of associated
hydroxyl groups and significant degradation in the struc-
ture of the cellulose crystal zone and hemicellulose.

The absorption peaks at 1595 cm™' and 1508 cm™!
are due to the C=C stretching vibrations of the lignin
aromatic ring. The peaks at 1461 cm™' and 1419 cm™!
correspond to the bending vibrations of CH, (C-H) in
lignin and carbohydrate, as well as the deformation and
expansion vibrations of the benzene ring skeleton com-
bined with C-H in the plane [61-63]. Compared with
the fresh Platycladus orientalis sample, the peak inten-
sity increases obviously, and some peaks shift to the
right. The historic wooden sample peak at 1319 cm™*
was significantly decreased, the peak at 1319 cm™! is
attributed to the condensation of syringyl ring breath-
ing and condensed guaiacyl in lignin [61]. This sug-
gests that the lignin present in the historic wooden
sample from this site has undergone degradation. The
observed increase and shift of peaks in the sample may
be attributed to a higher degree of degradation of cellu-
lose and hemicellulose compared to lignin, resulting in
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an increase in relative lignin content upon reduction of
cellulose and hemicellulose levels [64].

To quantify the changes in lignin and carbohydrates
during the wood degradation process from the ancient
ferry site, semi-quantitative calculations were per-
formed following the method proposed by Pandey [60].
The results are shown in Fig. 9. The relative intensities
of the lignin band at 1508 cm™! and the carbohydrate
bands at 1730, 1370, 1155, and 897 cm™" were calcu-
lated using band height ratios. The carbohydrate peaks
considered were not severely affected by lignin [60,
65, 66], and include 1730 cm™! for the C=0O stretch-
ing vibration (acetyl CH;C=O in hemicellulose),
1370 cm™! for C—H bending vibrations (cellulose and
hemicellulose), 1155 cm™! for C—-O—C stretching vibra-
tions (cellulose and hemicellulose), and 897 cm™! for
C-H bending vibrations (cellulose). When comparing
the historic wood samples with the fresh Platycladus
orientalis sample, an increase in the first four calculated
ratios could be interpreted as an indication of signifi-
cant carbohydrate consumption during burial. Notably,
increases in I 5yg/1739 (lignin/hemicellulose), ;5081155
(lignin/cellulose) ratios, and the I;50g,30; (lignin/cel-
lulose) ratio, suggest that the chemical changes in the
historic wood sample predominantly involve cellulose
and hemicellulose [52, 67, 68]. For the fresh wood sam-
ples, significant changes in the I;504/1730, l1508/1155 and
I,730/307 Tratios indicate a considerable degree of car-
bohydrate degradation, particularly the amorphous
carbohydrates. The FTIR spectra reveal that the wood
components from the ancient ferry site exhibit severe
degradation, with substantial degradation of carbohy-
drates, lignin, hemicellulose, and cellulose.

14 1 Sample of Ancient ferry site

B Fresh wood

FTIR peak ratios

e me me

L5730 L1730/T597
Fig. 9 Histograms showing the values of the ratios calculated
between the selected FTIR band heights for historic wooden samples

collected from the site and fresh Platycladus orientalis wood sample

11508/11370 11508/11155 11508/1897
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Thermogravimetric analysis

Thermogravimetric analysis (TGA) is an important
method for studying changes in wood composition
because the pyrolysis process is essentially the decompo-
sition of various wood components [69]. During TG anal-
ysis, each wood sample typically undergoes three distinct
stages. The initial phase involves the absorption of heat as
the water content is lost within the temperature range of
100-150 C, followed by a second phase characterized by
an exothermic reaction involving the pyrolytic decompo-
sition of cellulose and hemicellulose within the range of
250-380 °C. The third phase entails the exothermic pro-
cess of lignin thermal oxidation within the temperature
range of 400-500 ‘C. Thermogravimetric spectra of his-
torical wood samples from the Xianyang Ancient Ferry
Site and fresh poplar wood are depicted in Fig. 10A, B,
respectively.

Figure 10 illustrates the presence of two prominent
peaks in both samples, with the second peak attributed
to the abundance of hemicellulose and the amorphous
portion of cellulose [70, 71]. Hemicellulose decomposes
significantly below 350 “C, while cellulose decomposition
occurs primarily between 315 ‘C and 400 C, and lignin
pyrolysis peak is observed after 400 “C. Therefore, the
peak value at 368 °C in the derivative thermogravimetric
(DTQG) curve of fresh Platycladus orientalis (Fig. 10B) is
predominantly associated with cellulose decomposition.
The second peak value observed in the DTG spectrum
of the pile samples from this site shifted towards lower
temperatures, accompanied by a decrease in peak inten-
sity and broadening. This phenomenon suggests poten-
tial loss of hemicellulose and absence of degradation
products [72], while indicating significant degradation
of cellulose crystalline regions within the wood and an
increased presence of degradation products. The findings
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from XRD and FTIR analyses align with the hypothesis of
poor preservation of wood in the examined samples.

Microbiological analysis

Wood, as a biomass material, is highly susceptible to
microbial degradation [73]. The environmental condi-
tions of the archaeological sites can affect the distribution
of microorganisms. According to FTIR and XRD analysis,
the content of cellulose and hemicellulose in the ancient
wood decreased with wood degradation. SEM images
show the presence of mold spores within the cell cavi-
ties of the ancient wood samples, we therefore isolated
and identified microbes from the historical wooden sam-
ples collected from the Xianyang Ancient Ferry Site. As
shown in Fig. 11, the microbial population of the wooden
samples mainly includes Aspergillus niger, Aspergillus
flavus, Penicillium citrinum, Trichoderma, and Phanero-
chaetc chrysoporium. The SEM results and colony mor-
phology are consistent with Internal Transcribed Spacer
(ITS) (Supplementary material) sequencing results.
Phanerochaetc chrysoporium is one of the well-known
microorganisms, type white rot, to effectively accelerate
degradation of wooden materials by secreting enzymes
to decompose lignin, cellulose, hemicellulose, and pectin
[74]. It is able to completely decompose lignin into CO,
and H,0, leading to wood deterioration [75, 76], and can
also mineralize lignin [77]. With the exclusion of white
rot bacteria, the isolated fungal species are not typically
categorized as specialized wood degraders; however,
many exhibit the capability to degrade wood under suit-
able environmental circumstances. For instance, it has
been established that Trichoderma possesses the capabil-
ity to hydrolyze cellulose [78, 79], and cellulase activity of
this species has been screened and shows that it produces
the three primary enzymes of the cellulase complex,
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Aspergillus Niger

Aspergillus flavus

Penicillium citrinum
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Phanerochaetc
chrysosporium

Trichoderma spp.

Fig. 11 Colonies, hyphen and spores of microorganisms from the historical wooden samples collected from the Xianyang Ancient Ferry Site

exoglucanase, endoglucanase, and glucosidase [80].
Aspergillus Niger and Aspergillus flavus are common in
soil, especially in an environment with appropriate tem-
perature and humidity.

It is essential for the ecosystem that fungi decompose
lignocellulosic materials in terrestrial habitats [81]. As
expected, the microorganisms isolated from the Xian-
yang Ancient Ferry Site included wood-corroding white
rot bacteria, while others may be potentially effective
decomposers of plant material. The involvement of
fungi in the degradation of wooden piles at the Xianyang
Ancient Ferry Site is intricately complex. The efficacy
of the fungus in deteriorating wood is contingent upon
various factors within the controlled environment, for
example, encompass synergistic interactions with other
fungal enzymes [82], antagonistic relationships with
other microorganisms like bacteria [83], and environ-
mental variables such as water content, soil temperature
and pH. The wooden pile exhibition area at the Xianyang
Ancient Ferry Site is conducive to the growth of certain
species, including fungi, due to the absence of tempera-
ture and humidity control equipment.

Conclusion
In this study, we systematically evaluated the condition
of ancient wooden stakes at the Xianyang Ancient Ferry
Site using a series of techniques, arriving at the following
conclusions:

1. The wooden stake samples from the Xianyang
Ancient Ferry Site are identified as Platycladus ori-
entalists, which are approximately 500 years old, in
consistent with historical records about pile-stone
construction.

2. SEM-EDX analysis showed that the long-term bur-
ial, the cell lumina of the wooden stake samples were
filled with spores, and there was a significant increase
in the content of inorganic elements, with sulfur (S),
calcium (Ca), and silicon (Si) each exceeding 10%. It
is hypothesized that these changes were due to long-
term burial in moist soil.

3. The wooden stake samples were found to exhibit
severe degradation through XRD analysis, TG-DTG
analysis, FTIR spectrometry, and the calculation of
ratios of intensities for two ranges of absorptions.
This degradation was characterized by substantial
breakdown of carbohydrates, lignin, hemicellulose,
and cellulose, with a particularly significant degrada-
tion of cellulose in the crystalline region.

4. The presence of Aspergillus niger, Aspergillus flavus,
Penicillium citrinum, Trichoderma, and Phanero-
chaetc chrysoporium was identified in the wooden
stake samples. Particularly, the Phanerochaete chrys-
osporium contributes to the degradation through the
secretion of enzymes that break down lignin, cellu-
lose, hemicellulose, and pectin. The degradation of
the stakes is hypothesized to be associated with the
activity of white-rot fungi.

The unique wood-stone structure of the Xianyang
Ancient Ferry Site exemplifies the ingenuity of ancient
people and offers insights into modern flood control
techniques.This research provides scientific evidence
for the selection of reinforcement materials and guides
curators and conservators to formulate conservation
strategies in the future.
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